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THE EFFECT OF FLIGHT PATH INCLINATION ON AIRPLANE VELOCITY

By Warter 8. DiesL

SUMMARY

This report was prepared at the request of the National Advisory Committee for Aero-
nautics in order to supply a systematic study of the relations between the flight velocity V
and its horizontal component Vi, in power glides. Curves of ¥ and Tz plotted against the
inclination of the flight path fare given, together with curves which show the maximum val-
ues of Vx and the corresponding values of 8. Curves are also given showing the effect of small
departures from the horizontal in high speed performance testing.

INTRODUCTION

While it is obvious that the speed of an airplane must be greater along a downwardly
inclined flight path than along a horizontal flight path, there has not been in the past any
great necessity for a systematic study of the relations involved, but in view of the probable
interest which such a systematic solutlon would now hold, for pilots in particular, it has been
undertaken.

The extent of previous calculations along this line appear to have been limited to the
determination of the diving speed, a problem not considered in this study since it has been
very well treated elsewhere. For example, see British Advisory Committee for Aeronautics,
R. & M. No. 492 (Vol. II, 1917-18).

Owing to the nature of the wvariables, particularly the thrust, no strictly exact solution
can be obtained for the relation between the angle of the flight path and the flight speed. The
results are sufficiently exact for all practical purposes, however. Such inaccuracy as might
be introduced by the assumption as to variation of thrust with speed would not be large
except when the velocity was very large or very small.

In this report the phrase “Horizontal flight”” means flight at constant altitude, in accord-
ance with common usage.

THE EFFECT OF INCLINATION OF THE FLIGHT PATH ON HORIZONTAL VELOCITY

The forces acting on an airplane which is flying with full power along a path inclined
6° to the horizontal are the thrust 7, the drag D, the 1ift I, and the weight W. Let it be
assumed that

(1) The drag varies as the square of the velocity, i. e., D= K T2,

(2) The thrust varies linearly with velocity and acts along the flight path.

Resolving the forces along the flight path gives 7'— Wsin §=D=ET? 1)
¢ being considered positive for an upward inclination.

Consider an average airplane in horizontal flight at the maximum speed T,. If the flight
speed be increased the engine will speed up and deliver slightly more power, but since the in-
crease in N is less rapid than the increase in V there will be an increase in V/ND and a decrease
in the propeller efficiency %. The relation between thrust and speed may be conveniently
studied by means of the coefficient C’é=p————$;:g3- Figure 8 of National Advisory Committee
for Aeronautics Technical Report No. 186 contains a plot which gives the values of €, for
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varying ratio p/D and V/ND, so that for any p/D a curve of C, vs. V/ND may be drawn.

Q and V are the only variables in C,, and since the variation of @ with V and with V" may be

estimated closely, the value of 0, V/ND and N may be obtained for any assumed value of T"
A study of two propellers gives the following results:
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The values of T/T, plotted against V/V, lie on or near two straight lines, which allows
T to be expressed in terms of V by a simple linear relation.

When V=27, Tmay be between zero and 7,/2 depending upon the propeller and engine
characteristics, the average value probably being nearer to zero than to T,/2.

Consequently
T=To—a(V-T,)
and
T=§’ when V=2V,
therefore
o= T,
=7
and
» 1
T=2T,— —2;77; (2)
Substituting Equation (2) in (1) gives
27, T,V 7.
7p__~4Lo S0 F o
V2= K KVm Kam g

or, since

T.=KV,? and g= %)0
1= 27,2 = VV,+ (%) V,* sin 6 3)
0

i I[-éT\/@?a—%) sin e] (4)

V is the velocity along the flight path which is inclined at the angle 6 to the horizontal. The
horizontal component of V7 is

Ves 7, [-%+ \/229—(%) sin a] cos § (5)

If the assumption be made that 7= T,/2 when V=2V, Equations (4) and (5) become
1 S AN
PO v 5625 —{ 2 \
V="V, |: 4—&-\/1.516’20 <D)o sin ¢ (4a)

1 o (BN o ] ) :
Vy= Vm|:—2+\/1.0620 _(D)o sin BJ cos @ (5a)

from which

and
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INCREASE IN HORIZONTAL VELOCITY DUE TO DOWNWARD INCLINATION OF THE FLIGHT
PATH

When an airplane flies with full power along a flight path which is inclined at #° downward
from the horizontal, the component of the weight (Z/D sin ) in Equation (5) is positive and
increases the velocity along the flight path. An inspection of Equation (5) shows that the hori-
zontal component of the flight velocity first increases, reaches 2 maximum value, and then
decreases as # is increased.

Tables I, IT, IIT, and IV contain values of flight velocity and the ratio of the horizontal
component of the flight velocity to the maximum velocity in sustained horizontal flight as
calculated from Equations (4), (4a), (5), and (5a) for various values of (Z/D), and 6. These
values are plotted on Figures 1, 2, 3, and 4.
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A studyiof Figures 2 and 4 discloses several interesting and instructive facts.. For example,
the maximum increase in effective horizontal velocity which may be obtained by fiying along

an inclined flight path is considerably greater than might be expected, since it is of the order of 40-

per cent for the average airplane. Itis also surprising tonote that this maximum increase occurs
for values of 8 of the order of —30°. Equation (5) does not readily lend itself to the analytica}
calculation of the value of ¢ giving the maximum ratio Va/V,. These have therefore been
obtained graphically from large-scale plots of Figures 2 and 4 and the values so obtained are
given in Table V and plotted on Figure 5.

Figures 2 and 4 also show that for the average airplane ¢ must be of the order of —60°
before the horizontal ecomponent of the flight velocity becomes less than the maximum veloeity
which can be sustained in horizontal flight.

EFFECT OF A SLIGHT DEVIATION FROM A HORIZONTAL FLIGHT PATH

When the term [(L/D), sin 6] is less than 0.100 Equations (5) and (5a) may be written in
the form

Va L\ .
or since 6 is small
Ve LN\ R
T =1.000— K<E>o 7 ©)

Where % is the altitude lost or gained in the distance [, and K is a constant depending on the
assumed variation of thrust with speed. For T=0 when V=2V, as in Equation (5) K=0.333.
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For T'=T,/2 when V=2V, as in Equation (5a), K=0.400. & is negative if altitude is lost and
positive if altitude is gained. ,

Figure 6 is a working diagram based on Equation (6) and the assumption that 7=0 when
V=2V,. This diagram shows how the high speed is affected by a failure to maintain a true
horizontal flight path during high-speed tests. Sinece the value of (L/D} at maximum speed
is approximately 4 for the average airplane, a change of 40 feet in altitude per mile flown will
change the maximum speed 1 per cent.
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Q o.4 o8 1.2 1.6 2.0 24 2.8 3.2 3.6
Change in maximum speed, per cent

Fic. 6.—Effect of a slight inelination of the flight path on the maximum speed of airplanes.

The value of (L/D) at high speed may readily be determined for any airplane for which the
maximum horizontal velocity V,,, brake horsepower (B.HP.), propeller efficiency », and weight
W are known, From the common power equation

D=875 nVBHP
Vo being in M. P. H. and P in Ib.
Since W=1L
L W WV, Vo (W

D~ D~ 375, B.AP 35,\B.HP @)

Table VI contains caleulations for the value of L/D at maximum speed for a number of
typical airplanes. 'This value varies from 8.5 to 6.0. It has no direct relation to the maximum
value of (L/D) or to the “fineness’ of the design.

APPLICATIONS

This study was originally intended to show what increase in maximum horizontal veloeity,
as represented by the horizontal component of the flight velocity, could be obtained in an
emergency, such as the landing of a slow airplane in a high wind. However, the data has been
prepared and presented in such form as to make available information on a number of items of
interest to pilots, as follows:

(1) Variation of flight velocity with inclination of flight path., See Tables I and III
and Figures 1 and 3.

(2) Variation of effective horizontal velocity (. e., horizontal component of flight
velocity) with inclination of flight path. See Tables II and IV and Figures
2 and 4.
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(3) Maximum effective horizontal velocity and angle of inclination of flight path
which gives this maximum. See Figures 2, 4, and 5.

(4) Approximate value of the angle of inclination of the flight path at which horizontal
component of the flight velocity becomes equal to the maximum velocity in
horizontal flight. See Table V and Figures 2, 4, and 5. °

(5) Effect of a small departure from a horizontal flight path (of particular interest to
test pilots). See Figure 6.

CONCLUSIONS

It has been shown that for an average airplane having, for example, L/D =4.5 at high
speed, the maximum value of the horizontal component of the flight velocity in a power glide,
becomes 40 per cent greater than the maximum veloeity in horizontal flight. This maximum
value occurs when the flight path is about 30° to the horizontal. It has also been shown that
the flight path must be inclined downward about 60° from the horizontal before the horizontal
component of the flight velocity becomes less than the maximum velocity in horizontal flight.

The necessity for maintaining a strictly horizontal flight path in performance testing is
clearly brought out by Figure 6, which shows that for the average airplane a loss of 40 feet

.in altitude per mile flown is sufficient to increase the maximum speed 1 per cent.

A few words of caution seem desirable at this time. Owing to the uncertainty of the
thrust, the calculations made in this study should be considered as approximations only. There
is ample reason to believe, however, that the effect of a power glide is substantially as indicated
except at very high flight velocities.

TABLE I
VARIATION OF FLIGHT VELOCITY WITH INCLINATION OF FLIGHT PATH
T=0 when V=£Vn .

. S —
= —}?{—-V/z.ss—(é)s sin e]

i i i *
} L { H _ _ | :
{2y, 2 | 4 6 & 9 10
| (D>e | P2 ° ] ; ! j !
| ! | 1 i
[ i ;
‘[ Incli- E i
/ nation |
aght % é
| figl Va !
ath | ;
S :
¢ N |
o0 | o2 | o608 | 0430 | 0235 | O |
415 | 816 | .74 ;. .e02 | .478 | 0333 | 0182 |- ‘ !
+10 | o8 815 | oIw7 | lens | 590 | .57 | 6088 | 0.320  @ei7 |
45 940 | .90 ! %78 W847 | 813 . 780 . 746 710 .673 |
0 | L000 , 1.000 | Lood | L 1000 | 1. 1L000 | 100 1000 |
=5 | L057 | Loss | Lu2 | 1139 | 1165 | L1191 | nai7 | ness  12ev |
~10 | LUl | 1185 | 1.216 | L.266 | 1.815 | 1.362 | 1.408 | L.452 | 1.496 |
~15 | L164 | L2400 , L313 { L383 [ 10451 | 1517 | L379 | 1640 | L700
~20 | L213 | L310 | 1402 | 1.4%0 | 1574 [ 1.A55 | 1733 | 1.810 ' 1.882 .
~23 | 1258 | 1.375 | L4%5 | L4%0 | L.638 | L7 | L83 | 1960 2.045 !
~30 | 1303 | 1.437 | 1.562 | 1 1792 | L8983 | 2.000 | 2085 2182 |
~35 | L343 | 1.493 | 1.632 | 1.763 | 1886 | 2003 | 2115 | 2.223 2327 |
—40 | 138 | L.546 | 1.696 | 1.%38 | 1972 | 2088 ; 2220 | 2.333 . .47 !
~50 | 1445 | 1.632 | 1.806 | 1.968 | 2116 | 2260 | 2.396 | 2.52¢ = 2648 °
~60 | 1.496 | 1L.703 [ 1.892 | 2.066 | 2.230 | 2383 | 2,530 | 2.670 . 2.803 !
~70 | L532 | 1782 | 1.95% | 2335 | 2310 | 2472 | 2626 : 2.773  2.013 |
~0 | 1562 | L7982 | 2.000 | 2103 | 2.37% | 2542 | 2703 | 2.85¢ , 3.000 ’
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TABLE II

VARIATION IN HORIZONTAL COMPONENT OF FLIGHT VELOCITY WITH INCLINATION OF FLIGHT PATII

v 1 N . '
P —5+‘/§.25~(5)0 sme] cos#

T=0when V=2Vm

YARIATION OF FLIGHT

L
( D)G 2 3 ’ 4 5 6 7 ! 8 9 10
Incli-
nation
of Vr
flight Vm
path
2
+20 | 0707 | 0.568 | 0.413 | 0221 ‘
415 | .779 | 600 | .58 | .462
410 | iser | lses 738 | 65
45 | e | .o07 | .87 | s
0| 1000 | Tooo | 1000 | 1000
-5 1.053 1081 1. 108 1.135
—10 , .09 | L8 | 1198 | L 247
.—15 1.125 1.198 .; 1.268 1.337
—20 | 1140 | r22 | Tzs | 1401
—25 1,142 1. 247 1.346 1,442
—30 | 1128 | 1245 | 1352 | 1,455
35 | nioL | L2923 | 1837 | Lads
~40 | Tosr | Liss | 1200 | 1doo
50 | 028 | Tose | 1ler | 1ot
—60 . 748 . 852 946 1. 033
70 ¢ s2a | l508 | lee7 | .730
—90 | o000 | loo0 | J000
TABLE III

VELOCITY WITH INCLINATION OF FLIGHT PATH

T-% when V=2Va

?T:-[_éﬂu‘/w]

( £) = 2 3 4 5 8 7 8 g ‘ 1
D ja | 0
Intqli-
nation
of x
flight Vm
path
i
+20 0. 687 0.482 0.191 t
415 L2 . 636 476 0. 268 0.042 i e me e e
410 . 862 L770 . 682 . 583 472 0. 389 0.167 luecavauan —
+5 .928 . 890 .851 811 . 769 . 726 . 680 0.632 | 0.381
Q 1. 000 L. 000 L0000 | 'L 1. 000 1.000 L (K0 L0 | 1000
-5 1.067 1.100 1,132 1.163 1,194 1.223 1,253 1282 : L310
-10 1.131 1.194 1.252 1.309 1.363 1. 416 1,467 L5617 | 1565
-~15 1.193 1.279 1. 362 1.440 | 1.515 1,588 1. 655 1723 | L788
—20 1.248 1.388 1.461 1.558 | L.652 1,738 1.822 1.904 . 1982
~25 1.302 1.432 1. 554 1666 ; 1773 1,877 1.972 2,066 | 2.157
—30 1.351 1500 1. 637 1.767 | 1.887 2.000 2,108 2,213 . 2.312
—35 1.396 1. 562 L713 1.885 ; 1,987 2,112 2.230 2.343 | 2.452
—40 1. 438 1. 618 1.783 L9368 | 2.078 | 27213 2,340 2.461 2,577
—50 1. 509 1716 1.901 2.072 : 2,232 2,382 2. 524 2.660 . 2.788
—60 1565 1.796 1.993 2.177 ¢ 2,350 | Z 512 2. 664 2.810 | 2.950
—70 1. 606 1.843 2,057 2,253 , 2.43¢ | 127603 2.765 2,016 | 3.060
-30 1.638 1,887 2.110 2,323 E 2.500 | 2,667 ! 2.8 3. 000 ‘[ 3.150
1
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TABLE IV
VARIATION IN HORIZONTAL COMPONENT OF FLIGHT VELOCITY WITH INCLINATION OF FLIGHT PATH

’f=%‘ when V=2Vn

Ve 1 f L - -
—=] - se5—( = 5 2
T [ 4-!- 1.5625 (D)s gin ¢ | COS

Ly - . e
G P T VU P O P R [ o
Int(;,li-
ation
L Yz
i flight Fm
i path
I g
:T 1
b0 1o 0.453 | 0.180 _—
+15 . 746 .614 ! 0.238 0.041 Ny T -
410 . . 758 .672 574 465 0.383 0.164 i
-+ : .925 . 886 .848 . 808 . 766 .T23 R 0. 630 0.579 L
0 1.000 1.000 1.000 L 000 1.000 1,000 1. 000 1,000 1.000
=5 ; LO083 1.098 1.128 1.158 L1%% 1,218 1,248 1.277 1.305 T
-10 1.115 1.176 1.233 1.289 1.343 1.396 1.445 1. 486 1.543
15 I 1.152 1.235 L315 L.392 1.463 1.535 1. 59¢ 1. 665 1.728
—20 t L 174 1.277 1.373 1.485 1552 1. 635 L7I3 1. 790 1 863
—25 | L1180 1.298 1.408 1.510 1.606 1,700 L 786 1.872 1954
—30 1.170 1,208 1.418 1.531 1.635 1732 1.828 1617 2. 003
—35 } 1.143 1280 1.403 1.518 1.628 1.729 1918 2.008
—40 | L102 1. 240 1.366 1,483 1.562 1 695 1.793 885 1974
—50 971 1103 1223 1.333 1.436 1. 532 1.623 1.711 1783
—&0 | .782 . 848 .997 1.088 1.175 1.256 1.333 L415 1. 475
—70 [ (549 | .30 | .703 | .TTL | . .80 | leds | Le97 | Lode
TABLE V
MAXIMUM INCREASE IN HORIZONTAL VELOCITY AND CORRESPONDING INCLINATION OF FLIGHT PATH
T -
Cese I: T=0 when V=2Va CaseII: T=% when V=2V -
( _z;) Valvéle of A_ppr{)x— Valge of | Approx- B
D/s| Maximum AMALe | pfaximum imate
for valae of for value of
val}ge of | mavimgm 8 valge of | maximum 8
La:g value of for == valoe of for -
V= Ve | Va_ ¥n Ye | ¥r_
7a - 0 Vm Vo 10 N
2 1.143 23.5 44,8 1. 180 24.8 48,3
3 1.248 26.5 53.0 1.302 27.6 35.6
4 1.353 28.5 57.7 1.418 20,5 59.9
& L.455 30.2 61.1 1.532 30.5 63.1
6 1553 3L5 63.6 1. 636 3L3 65.4
7 1. 646 325 65.6 1.737 32.0 67.3 -
g 1.736 33.3 67.3 1.832 32.4 68.7
9 1.823 33.9 63.7 1.925 327 69.9 e
10 1907 34.5 69.8 2,012 33.0 70.7
V g=horizontal component of flight velocity:
m=mmaximum velocity which can be sustained in horizontal flight.
TABLE VI
VALUE OF % AT MAXIMUM SPEED -
; - o
! ‘(V}erioist Meximom Meximum % —
E Airplane > speed | g ogp. | propeler | m _
! Ib. M. PLH. 7. speed —
: 4,300 124.0 420 0.75 4.5 -
’ 2,270 124.0 194 i 8.0
i 2, 060 123.0 190 T 4.6
2,004 152.0 300 .80 3.5
) 12,100 105.0 800 .76 5.6 -
| JL—6 monoplane. 3, 600 111.0 240 T4 6.0
! Sperry messenger. 860 7.0 64 .78 4.5 -
| Fokker D VI __ 2,460 151.0 350 78 3.6 —
! 7,300 100. 420 1 6.5 ——
P 2,125 122.0 208 .78 4.2
i 13,600 89,7 800 . 60
R2C-11land plane.. 2,300 248.0Q 500 .85 3.6 i .

z . L
NoTE: D at maximurm speed must not be confused with the maximum value of 3°



